Of the two pathways through which we hear, air conduction (AC) and bone conduction (BC), the fundamental mechanisms of the BC pathway remain poorly understood, despite their clinical significance. A finite element model of a human middle ear and cochlea was developed to gain insight into the mechanisms of BC hearing. The characteristics of various cochlear response quantities, including the basilar membrane (BM) vibration, oval-window (OW) and round-window (RW) volume velocities, and cochlear fluid pressures were examined for BC as well as AC excitations. These responses were tuned and validated against available experimental data from the literature. BC excitations were simulated in the form of rigid body vibrations of the surrounding bony structures in the x, y, and z orthogonal directions. The results show that the BM vibration characteristics are essentially invariant regardless of whether the excitation is via BC, independent of excitation direction, or via AC. This at first appeared surprising because the cochlear fluid pressures differ considerably depending on the excitation mode. Analysis reveals that the BM vibration responds only to the lower-magnitude anti-symmetric slow-wave cochlear fluid pressure component and not to the symmetric fast-wave pressure component, which dominates the magnitude of the total pressure field. This antisymmetric fluid pressure is produced by the antisymmetric component of the window volume velocities. As a result, the BM is effectively driven by the anti-symmetric component of the OW and RW volume velocities, irrespective of the type of excitation. Middle ear modifications that alter the anti-symmetric component of the OW and RW volume velocities corroborate this assertion. The current results provide further clarification of the mechanisms underlying Békésy's "paradoxical motion" concept.
INTRODUCTION
A majority of studies (Békésy 1947 (Békésy , 1948 (Békésy , 1955 Peterson and Bogert 1950; Sondhi 1978; Olson 1998 Olson , 2001 Yoon et al. 2007 ) in the past have been concerned with how sound waves are transferred to the basilar membrane (BM) via the air conduction (AC) pathway. Through a series of such studies, it was discovered that the fluid pressure in the scala vestibuli (SV) and scala tympani (ST) could be decomposed into a "fast wave", also known as the "symmetric wave", and a "slow wave", also known as the "antisymmetric wave", for AC stimulation.
In contrast, studies of sound wave transmission to the BM via the bone conduction (BC) pathway have been limited both in number and extent. Tonndorf (1962) proposed that the traveling wave must always commence in the basal portion of the cochlea and progress toward the apex, not only when the signal was originally applied in that region, but also when the pressure alteration was applied over the entire shell of the two scalae by compressional BC. Stenfelt et al. (2003 Stenfelt et al. ( , 2004 examined BM motion and volume displacement at the oval window (OW) and the round window (RW) for both AC and BC using temporal bone experiments. Recently, Böhnke and Arnold (2006) and Taschke and Hudde (2006) studied BC hearing with a 3-D finite element (FE) cochlear model based on micro-tomographic images. While they showed traveling wave propagation in the model for BC stimulation, the basic mechanisms for the BC pathway were not elucidated. In summary, most previous studies on BC hearing were rather limited in scope and depth of analysis, and did not provide sufficient insight into the fundamental mechanics of the BC hearing pathway.
The goal of this study is to provide greater insights into the fundamental characteristics of the BM vibration responses to different excitations. In order to do so, we developed a 3-D FE human ear model consisting of the middle ear and cochlea, and analyzed its response characteristics with respect to both BC and AC excitations. Then the detailed response characteristics of the model are examined by observing key dynamic quantities such as BM vibration patterns, cochlear fluid pressures, and OW and RW volume velocities, in response to both BC and AC excitations. Furthermore, symmetric and anti-symmetric components of both the cochlear fluid pressures and the window volume velocities were calculated, since those were previously shown to be significant factors explaining the drive mechanism of cochlear responses to AC excitation (Peterson and Bogert 1950; Olson 2001; Puria and Steele 2008) .
It is noted that BC excitation has multiple components (Stenfelt and Goode 2005) , and in this study we limit our analysis to its inertial components. Furthermore, the present study does not consider the active cochlear amplification mechanisms (i.e., Ren 2005; Shera 2007; Liu and Neely 2010) . This is appropriate, however, for the current study where the FE model results are compared with the data obtained from human cadaver ear experiments.
METHODS

The middle ear and cochlear finite element model
An acoustic structure fluid-coupled FE simulation was performed using the FE simulation software ACTRAN (Free field Technologies, Belgium), which was developed specifically for analyzing vibro-acoustic problems. Figure 1 shows the FE model of the human auditory periphery, consisting of the middle ear and the cochlea. The FE middle ear consists of the tympanic membrane (TM), ossicles (malleus, incus, and stapes), ligaments, and tendons. This middle ear model has been developed and reported previously . In this study, the cochlea was modeled as an uncoiled, two-chambered, fluid-filled duct, although the actual human cochlea has a spiral form with two and a half turns and consists of three fluid-filled channels: the SV, ST, and scala media (SM). This simplification has been commonly accepted for the study of cochlear mechanics using mathematical, FE and physical models (e.g., Allen and Sondhi 1979; de Boer 1981; Neely 1981; Steele and Lim 1999; Wittbrodt et al. 2006) . The SV and ST are separated by the cochlear partition, which consists of the BM and the organ of Corti, and which for the purposes of our passive model we refer to as the BM. The BM, located between the osseous spiral lamina and the spiral ligament, varies in width as well as in thickness, and gives rise to the frequency-to-place mapping of the cochlea. The fluid in the SV is continuous with that of the ST through the helicotrema opening at the apical end.
Model geometry and FE mesh
As discussed previously , the geometries of the middle ear ossicles and the TM were constructed based on micro-CT imaging data from human-cadaver temporal bone middle ear specimens (Sim et al. 2007; Sim and Puria 2008) . The geometry of the cochlear model was based on dimensions published in the literature (Thorne et al. 1999 ) similar to the actual curved geometry of the cochlea, including the OW, RW, SV, ST, and BM. Figure 2 shows the structure of the cochlear model with detailed dimensions and boundary conditions. The transparent light blue structure in Figure 2 (A) indicates the outer bony shell surrounding the cochlea. In the cochlear model, the effect of the SM chamber was not considered and the micromechanical structure of the organ of Corti was also not included.
A FE mesh model was created using the FE pre/ post processing software HyperMesh (Altair Engineering, Troy, MI, USA). The stapes was attached to the cochlea through the stapes annular ligament, and the nodes along the perimeter of the stapes annular ligament were fixed to the cochlear bony shell. In the cochlea, the BM dimensions changed linearly in width from 150 μm at the base to 474 μm at the apex, and the thickness changed from 5.2 μm at the base to 0.6 μm at the apex (Wever 1947). The BM was meshed with 14,000 eightnoded hexahedral solid shell elements, BM supports were meshed with 13,687 six-noded pentahedral elements, and the RW was meshed with 1,719 six-noded pentahedral elements. The nodes along the perimeter of the RW were fixed. The SV and ST cochlear fluid volumes were 90.8463 and 91.2044 mm of the bony shell, the rigid structure of the cochlea, was assumed to be 0.2 mm.
Material properties
Material properties used for the middle ear structures of the FE model were reported previously . Material properties used for cochlear structures include density, Young's modulus, and Poisson's ratio. The density of rigid structures of the cochlea, such as the bony shell and BM supports, were assumed to be 5,400 kg/m 3 , the Poisson's ratio, ν, was set to 0.3, and the Young's modulus was set to 2.1 peta Pa (2.1×10
15 Pa) to represent the rigid body. The density of the RW was set to 2,000 kg/m 3 , the Poisson's ratio was set to 0.3, and the Young's modulus was set to 0.07 MPa with an 0.857 loss factor, η. The stiffness of the BM varies along its length from the base to apex (Emadi et al. 2003; Naidu and Mountain 2007) . In this study, we divided the BM into 14 equi-length sections. In order to model the stiffness change, the Young's modulus of the BM gradually decreased from the base to the apex. The Young's modulus of the BM was based on isotropic material properties. To represent the effect of the BM fibers in the transverse direction, we increased the y directional Young's modulus (E 22 ) and yz directional shear modulus (G 23 ) to convert the isotropic material properties into orthotropic properties with an 0.3 loss factor (η). The exact values of six independent variables (E 11 , E 22 , E 33 , G 12 , G 13 , and G 23 ) for orthotropic material properties were determined by tuning the resulting best-frequencyto-place cochlear map with that reported by Greenwood (1990) . During the tuning process, the stiffness matrix of the Young's modulus of the BM was tested for the property of positive definiteness to avoid physically unreasonable values. To satisfy the positive definiteness for the orthotropic material, the values and equations for the six independent variables were constrained according to elasticity theory (Sadd 2005) as: 
where C ij are elements of the stiffness matrix. Table 1 summarizes the BM mechanical properties used in this study.
The cochlear fluid inside the SV and ST was assumed to have a density of 1,000 kg/m 3 . The speed of sound in this fluid was 1,500 m/s, which is equivalent to having a bulk modulus of water. Furthermore, in an attempt to introduce viscous losses in the fluid, a loss factor of 0.1 was introduced to the fluid, making the speed of sound in the fluid {1,500+150i}m/s. However, it should be noted that simply adding a loss factor to the fluid does not add significant damping at the BM. The effects of shear viscosity at the interfaces between solids and viscous fluids are not captured by the standard acoustic fluid elements available in the present FE software. The implication of this deficiency is discussed in a later section.
AC and BC excitation simulation
AC excitations were simulated by assigning a uniformly distributed dynamic unit pressure over the TM surface on the ear canal side. Fixed displacement boundary conditions were applied to boundaries of the structure, such as the ends of the ligaments and tendons, the edge of the tympanic annulus, the BM support, and the bony shell of the cochlea. On the other hand, inertial BC excitations were simulated by assigning the same displacement vectors (both magnitude and phase) at the boundaries. These include the cochlea and the ends of the middle ear supporting structures such as the incus ligament, tensor tympani, anterior ligament, lateral ligament, stapedius tendon, and tympanic annulus. This effectively represented the rigid body vibrations of the temporal bone structure that surrounds the auditory periphery. The rigid body BC excitations were simulated in the direction of the three orthogonal axes: x (longitudinal direction to the BM), y (transverse or radial direction to the BM), and z (normal to the BM). The magnitude of the applied displacement vector, v b , was 0.01 μm for x, y, and z directional vibrations.
Model variables
The response characteristics of the auditory periphery to both AC and BC excitations were determined based on various dynamic quantities of the model. Table 2 summarizes these dynamic quantities of interest in the present study.
As explained in the previous section, the ear canal pressure, p EC , and the base bone vibration vector, v b , represent AC and BC excitations, respectively. From the perspective of the middle ear and cochlea with inputs and outputs, these AC and BC excitations are considered as inputs to the system. The ultimate system output variable for the present study is then the BM vibration velocity, v BM (x), along the length of the BM. The rest of the quantities, considered as the proximate variables, are internal to the system. The cochlear fluid pressures, p SV (x) and p ST (x), were observed along the entire length (every 1 mm over the 35 mm from base to apex) of the BM near the surface of the BM (with a slight stand-off distance of 0.1 mm from the BM surface). Probes used to measure cochlear pressure operated by integrating the pressure field over an area corresponding the probe's diaphragm area. Preliminary measurements indicate (Merchant et al. 1996; Puria et al. 1997; Aibara et al. 2001; Gan et al. 2007; Nakajima et al. 2009 ), which should be distinguished from the variables p SV (x) and p ST (x) here, which are observed near the surface of the BM along the BM length in this study. Volume velocities at the OW and RW are represented by U OW and U RW , respectively. These were calculated from the FE results by integrating the individual volume-displacement contributions from each of the triangular elements on the OW and RW surfaces. This is expressed as
where A is the surface area of the ith element and jω is the imaginary radial frequency. The normal component of the mean displacement of the element,d n , is given byd
Án;
where d 1 , d 2 , and d 3 are the complex displacement vectors at the three edge nodes of the triangular element, and n is the unit normal vector. BM velocity, v BM (x), was obtained at the center line of the BM along the whole length (every 1 mm over the 35 mm from base to apex) in the direction normal to the BM surface. It should be noted that the BM velocities for BC were obtained by calculating a differential velocity, Δv BM , between the BM velocity (normal to the BM surface) and the base bone vibration (the velocity of the surrounding bone structure):
where, v b •n is the component of the bone vibration velocity in the direction normal to the BM surface. The differential BM velocity, Δv BM , in the BC response is equivalent to the absolute velocity, v BM , in the AC response, with the only difference being that the bone velocity is zero for AC. In the discussion that follows, the BM velocity for BC is obtained by the differential velocity calculation.
Decomposition analysis
To obtain insights into the characteristics of the BM responses corresponding to AC or BC excitations, an orthogonal decomposition technique was performed on the scalae fluid pressures, p SV and p ST , and the window volume velocities, U OW and U RW , which can be represented in vector formats as:
Note that inward (toward the cochlea) movements of U OW and U RW are defined as positive. These vector quantities can alternatively be described by the following transformed vectors:
where Φ is an orthonormal transformation matrix. The components of the transformed vectors, p′ and U′, then are:
where p s (x) and p a (x) are respective symmetric (i.e., in-phase) and anti-symmetric (i.e., out-of-phase or differential) components of the pressure vector, while U s and U a are respective symmetric and anti-symmetric components of the volume velocity vector. This decomposition technique is equivalent to the method used by Peterson and Bogert (1950) , who analyzed the scalae pressure in terms of "transverse" and "longitudinal" components, corresponding to the anti-symmetric and symmetric pressure components, respectively. These two components are also described as "slow" and "fast" waves, respectively, due to the difference in their wave speed. As discussed in Peterson and Bogert (1950) , it is the "transverse" or "slow wave" component that introduces the pressure differential across the BM, which in turn forces the BM to vibrate. These fast and slow waves in the SV and ST were observed and confirmed by Olson's measurements (1998, 2001 ). In addition, Puria and Steele (2008) summarized and explained properties of the waves in detail. It should be noted, however, that those analyses and explanations for the fast and slow waves did not extend this decomposition method to the volume velocities at the two windows, which plays a role in explaining the mechanics of bone conduction as discussed in this work.
RESULTS
FE model validation
Middle ear pressure gain function
The FE model developed in this study was tuned and validated first by comparing various simulated frequency responses with those from the published literature. Figure 3 shows the middle ear pressure gain function expressed as a ratio of the scalae pressure near the OW to the acoustic pressure at the TM, p OW /p EC , obtained from the FE model and from the experimental data from the literature (Puria et al. 1997; Aibara et al. 2001; Nakajima et al. 2009 ). The figure also shows a FE result from Gan et al. (2007) , who also created a FE model for AC similar to that of the present study. The Gan et al. results are up to 5 dB lower than the others in magnitude below 1 kHz. Above 1 kHz, there are differences among the experimental results, with our model in closer agreement with the Nakajima et al. measurements.
Cochlear input impedance Figure 4 shows the cochlear input impedance (the ratio of the scalae fluid pressure near the OW to the volume velocity of the OW, p OW /U OW ) in the present model alongside comparisons to measured (Merchant et al. 1996; Puria et al. 1997; Aibara et al. 2001 ; ) data. The figure shows that the FE results are in reasonable agreement with the published data in terms of overall response trends. However, it is observed that the simulated results exhibit less damping than the measured experimental data. In Figure 4 , the thicker dashed lines labeled as "modified FE model" are for the case in which additional damping (30GΩ in resistance) was added behind the OW in the fluid. This was implemented by specifying the imaginary part of the complex Young's modulus of the damping element to be linearly increasing with frequency, with a reference value of 1.74e5 at 1 kHz.
As can be seen in the figure, the introduction of this hypothetical extra damping brings the simulated input impedance into better agreement with the experimental data. As was briefly mentioned in the previous section, this apparent damping deficiency is most likely caused by the lack of a shear viscous effect, which occurs locally at the fluid-contacting surfaces of the BM, but which is not accounted for in the current FE model. For the present study, however, the additional artificial damping element introduced to obtain the "modified FE model" result in Figure 4 was not used for the rest of the study since it does not critically affect the results or conclusions of the present study.
BM response: AC Figure 5 shows the simulated and measured AC response of the BM velocity, v BM , observed at a specific BM location (12 mm from the base) and normalized by the oval-window (i.e., stapes-footplate) velocity, v OW . The oval-window velocity, v OW, was obtained at the center point of the stapes footplate, in the direction normal to the footplate. The FE result in Figure 5 shows a reasonable agreement with the measured results from the literature in terms of the overall response characteristics. However, it should be noted that due to the simplified geometry of the current FE model, which is different from the more complex geometry of the actual cochlea, there is ambiguity in defining an exact BM location. This ambiguity in BM location definition may contribute to the observed differences, such as in the locations of the best-frequency (BF) magnitude peaks of the model and experimental data. In addition, the phase response of the FE model shows discrepancies with the experimental measurement responses in Figure 5 (B). In the case of Stenfelt's result, some errors in the measurement are suspected since the phase response does not show the steep decrease after BF (around 2 kHz) in spite of the existence of a traveling wave. On the other hand, the phase responses of both Gundersen et al. and our FE model show the steep decrease at the BF (around 3-4 kHz). However, since the frequency range of Gundersen et al. for the phase response is different (1-4 kHz) from that of our model (60 Hz-10 kHz), comparisons between the two results could be vulnerable to misinterpretation. It is also noted that the current FE model does not have sufficient fluid viscosity nor a high-enough BM orthotropic ratio in comparison with the real cochlea. To compensate for those factors, we increased the loss factor of the BM to 0.3. However, this high loss factor causes a phase discrepancy. In Figure 5 (B), while the phase with the lower loss factor (η=0.15, black dot line) shows a steep decrease, the phase with the high loss factor (η=0.3, black solid line) shows a plateau after the BF region. However, the phase discrepancy above the BF position does not significantly affect the results or conclusions of this study. Therefore, we use the case with the high loss factor (η=0.3) in the rest of the study. The results are shown for BC excitations given in the direction of the three orthogonal axes, x, y, and z. The direction of the BC vibration input for the data by Stenfelt et al. (2003) appears to be in the direction normal to the BM surface, thus similar to the z directional excitation in the model. However, considering the simplified geometry of the FE cochlea model, which is different from the coiled geometry of the actual cochlea, there is ambiguity in defining the direction of the BC vibration input. Despite this, the characteristics exhibited by the FE model, especially for the z directional BC vibration, are seen to be similar to those of the experimental data.
Cochlear map Figure 7 shows the FE-simulated BF cochlear map along with that obtained experimentally by Greenwood (1990) . The BF map indicates the frequency corresponding to the peak BM vibration as a function of location along the BM. As shown in the figure, the BF map from the FE model is in good agreement with the data except for BFs below 200 Hz, which correspond to locations greater than x=30 mm. This agreement with the BF map was a result of an iterative tuning of the elastic modulus values of the BM (see Table 1 ) for AC excitation. Once the tuning was done with AC excitation, the same BM elastic modulus values were used for all AC and BC cases. It is interesting to observe that the BF map does not change significantly due to differences in the method of cochlear excitation. The disagreement for BFs below 200 Hz is likely due to the use of a linear taper in the BM properties (Table 2) rather than an exponential taper (Puria and Allen 1991).
Cochlear responses to BC and AC excitations
Having validated the FE model, the next step was to simulate and analyze the symmetric (fast wave) and anti-symmetric (slow wave) response characteristics due to excitations in the three orthogonal directions for BC and AC excitations. FIG. 7. Simulated best-frequency (BF) map for AC and BC excitations given in the z direction, along with experimental data by Greenwood (1990) . For BC excitations, the BF maps derived with x and y directional excitations were almost identical to that derived with z directional excitation.
BM velocity responses to BC and AC excitations Figure 8 shows the simulated differential BM velocity distribution, Δv BM (x), in response to BC excitations at the rigid boundary bone in the three orthogonal axis directions. The results are shown for three frequencies: 1, 5, and 10 kHz. The BC cases are normalized with respect to the rigid bone velocity magnitude, v b . The figure also shows the BM velocity profile, v BM (x), in response to AC excitation. The magnitude of the BM velocity for each AC case is normalized by the corresponding stapes velocity. Figure 8 shows that the overall shape of the BM velocity magnitude distributions for each respective frequency are similar among the different excitation cases, including between the BC excitations and the AC excitation. However, for 5 and 10 kHz at locations apical to 20 mm, the BC responses for drives in the x and z directions diverge from the y directional BC and the AC responses. The primary difference among the four cases, however, is the vertical shift in magnitude. Similarly, the phase response characteristics for all the cases are similar but slightly shifted, except for two cases (BC z for 5 and 10 kHz) where the phase diverges from the rest for BM locations past about 20 and 10 mm, respectively. BM velocity normalized by OW volume velocity Figure 9 shows again the simulated differential BM velocity profile, Δv BM (x), in response to BC excitations given in the three directions, but this time normalized by the OW volume velocity, U OW , instead of by the base bone velocity, v b . A corresponding response to the AC excitation normalized by U OW is also shown. Figure 9 shows that with the normalization of the differential BM velocity, Δv BM (x), by the OW volume velocity, U OW , the differences among the four cases are reduced in comparison to Figure 8 , to the extent that the results for 1 kHz are all aligned with one another for both magnitude and phase. However, the results for x directional excitation at 5 and 10 kHz still show some offsets in both magnitude and phase. In Figure 8 , the magnitude differences at the BF (12 mm at 5 kHz and 6 mm at 10 kHz from the base) are 40 and 50 dB between AC excitation and BC z directional excitation, respectively. In Figure 9 , on the other hand, the magnitude differences in the two cases are closer to 10 dB at the BF.
Decomposition of Volume Velocity Vectors
In Figure 9 , the BM velocity responses have been normalized by the OW volume velocity, U OW . This is based on a general understanding that the vibration input enters the cochlea through the OW. However, this concept is not complete, since there are circumstances in which the RW volume velocity, U RW , might also matter. Only observing U OW would be sufficient in regular AC analysis where it is known that U RW has the same magnitude as U OW but is 180°out-of-phase. However, this is not necessarily the case for BC (Stenfelt et al. 2003) . Therefore, for BC, one has to observe both U OW and U RW , which can be represented in the form of a vector, U, as introduced in Eq. 5. The transformation technique described earlier was applied to decompose the window volume velocities into symmetric and anti-symmetric components, U s and U a . Figure 10 shows the magnitude responses of the volume velocities before the transformation, U OW and U RW , and after the transformation, U s and U a .
As shown in Figure 10 (A), the volume velocities at the two windows, U OW and U RW , are equal in magnitude for the AC excitation case, and 180°out-of-phase, as expected. However, for BC excitations, U OW and U RW are not necessarily equal in magnitude for all frequencies, as can be seen by the up to 10 dB difference in magnitude for the BC-response case with x directional input in the 2-5 kHz range. Figure 10(B) shows the corresponding symmetric and anti-symmetric volume velocities, U s and U a . Here, the magnitude of the antisymmetric component, U a , is 40-60 dB larger than that of the symmetric component, U s , for AC below 1 kHz. For BC x, y, and z directional excitations, U a is 20-50, 30-65, and 20-60 dB, respectively, larger than U s below 1 kHz. The magnitude gap for the most part becomes smaller above 1-2 kHz, for both AC and BC cases. Since U a is always larger than U s , AC, BC y , and BC z results are consistent with the out-of-phase response relation between the two windows, U OW and U RW . However, for the x directional BC excitation, it can be seen that the symmetric component, U s , approaches and eventually becomes larger in magnitude than the anti-symmetric component, U a , at high frequencies. This is clearly related to the unmatched magnitudes between the two window volume velocities, U OW and U RW , observed in Figure 10 (A) for the corresponding BC x case. In other words, when the magnitude of U a no longer dominates over that of U s , it results in the magnitudes of U OW and U RW no longer being the same and their phase difference no longer being 180°. A Window volume velocities, U OW and U RW , and B corresponding anti-symmetrical and symmetrical components, U a and U s . Note that the two window volume velocities, U OW and U RW , are mostly equal in magnitude and thus the magnitude curves largely overlap one another, except for the case of the BC excitation with x directional input at high frequencies.
BM velocity normalized by anti-symmetric and symmetric volume-velocity components
Figure 11 again shows the BM velocity distribution in response to both AC and BC excitations, but this time normalized by the anti-symmetric and the symmetric volume velocity components, U a and U s , in Figure 11 (A) and (B), respectively. Again, the results are shown for selected frequencies of 1, 5, and 10 kHz.
It can be seen in Figure 11 (A) that the results for the different excitation cases show even better alignment with each other when normalized by the antisymmetric volume velocity component, U a , in comparison with Figure 9 , in which the results are normalized by the OW volume velocity, U OW , only. The results are aligned even for the 5 and 10 kHz cases, except for BM positions apical to the BF location by about 10 mm for 5 kHz (20 mm from the base) and 5 mm for 10 kHz (10 mm from the base), where the results start to diverge from one another, nearly 80 dB below the peak. In contrast, the results become further misaligned when normalized by the symmetric volume velocity component, U s . This shows that the antisymmetric volume-velocity component, U a , correlates with the BM vibration better than the OW volume velocity, U OW , and that there appears to be little correlation between the BM vibration and the symmetric volume velocity, U s . In terms of the magnitude of the normalized BM velocity, the case of normalization by U a produces a peak that is 50 dB smaller than the case of normalization by U s . This is reasonable considering Figure 10 , in which U a can be seen to be approximately 20-40 dB larger than U s at 1 kHz. Figure 12 shows the cochlear fluid pressure responses measured at 0.1 mm above and under the BM for the SV and ST along the BM length, respectively. The top figures, (A) and (D), show the SV and ST pressures, p SV (x) and p ST (x), respectively, at 1 and 5 kHz. The middle figures, (B) and (E) show the corresponding anti-symmetric and symmetric pressure components, p a (x) and p s (x), respectively, for the two frequencies, as obtained by ortho-normal decomposition using Eq. 7. The bottom figures, (C) and (F), contain the anti-symmetric and symmetric pressure components, p a (x) and p s (x), normalized by the anti-symmetric volume velocity at the windows, U a . Figure 12 (A) and (D) show that, for AC excitation, the fluid pressure on the SV side of the BM, p SV (x), is larger than that on the ST side, p ST (x), for BM locations basal to the BF location by 5 mm or more. At that location, the two pressure magnitudes cross one another and then become approximately equal to one other above the BF location (x=21 mm for 1 kHz). Similar characteristics can also be observed for BC in the y and z directional input cases. The decomposed pressure plots shown in Figure 12 (B) and (E) show that the symmetric pressure component, p s (x), tends to be equal to or greater than the anti-symmetric pressure component, p a (x). It can be seen that p a (x) tends to decrease in magnitude along the BM length from the base to the apex, while p s (x) tends to be constant (or to increase) in magnitude. The rate of magnitude decrease of p a (x) can be seen to increase above the BF location. An exception to this is the case for z directional BC excitation, where p a (x) becomes flat in magnitude in the BM region past the BF location. This p a (x) magnitude roll-off is qualitatively similar to the velocity roll-off characteristics at BM locations past BF for the BM velocity distributions, Δv BM (x), seen in Figures 8, 9 , and 11. On the other hand, there is little similarity in characteristics between p s (x) and Δv BM (x). Figure 12 (C) and (F) show the pressure components, p a (x) and p s (x), normalized by the antisymmetric volume velocity component at the windows, U a . Here, it can be seen that the magnitudes of p a (x) for different excitation cases become aligned with one another when normalized by U a , while this is not true for the symmetric pressure component, p s (x). This result is consistent with the result in Figure 11 (A), which shows a similar magnitude alignment characteristic between the BM velocity, Δv BM (x), and the antisymmetric volume velocity component, U a . Again, an exception is the normalized anti-symmetric pressure, p a (x)/U a , for the z directional BC vibration, which shows divergence from the results of the rest of the cases for BM locations apical to the BF locations (x= 21 mm for 1 kHz and x=12 mm for 5 kHz). This divergent behavior is not reflected in Figure 11 (A) for the normalized BM velocity, Δv BM (x)/U a , where all of the responses are consistent for the 1 kHz case. However, a similar divergence characteristic can be observed in Figure 11 (A) for the 5 and 10 kHz results.
Decomposition of cochlear fluid pressure vectors
Effects on BC of alterations to the middle ear and cochlear windows
Up to this point, it has been shown that the pressure within the SVand ST, and the volume velocity at the OW and the RW can be decomposed into symmetric and anti-symmetric components [Eq. 7] . Furthermore, we have suggested that the anti-symmetric pressure normalized by the anti-symmetric volume velocity is an invariant quantity with regard to the different directional BC excitations. To further clarify the relationship between anti-symmetric pressure and anti-symmetric volume velocity, we performed structural alterations to the middle ear and the cochlear windows. The following three alterations were performed in sequence, and their cumulative effects on the response characteristics of the cochlea were simulated:
1. Cut the incus-stapes (IS) joint 2. Stiffen the annular ligament of the stapes 3. Stiffen the RW Note that these alterations were performed cumulatively, such that each subsequent alteration was performed in addition to the alterations already performed for the previous steps. Figure 13 shows the effects of these alterations on the anti-symmetric volume velocity component, U a , while Figure 14 (A) and (B) show the effects on the normalized differential BM velocity, Δv BM (x)/v b , and the anti-symmetric scalae pressure component, p a (x).
As shown in Figure 13 , the anti-symmetric volume velocity, U a , changes significantly with each alteration. The first alteration, the cutting of the IS joint, separates most of the middle ear structure from the system and leaves only the stapes attached at the OW. Then, stiffening the annular ligament of the stapes in the next step immobilizes the stapes and thus effectively eliminates the volume velocity at the OW, U OW . This typically results in significant reductions of the magnitude of the anti-symmetric volume velocity, U a , though the extent of the reduction for the x directional case in Figure 13 (A) can be seen to be less than those observed for the other two directions. The last step then rigidifies and immobilizes the remaining window, the RW. This further reduces the antisymmetric volume velocity, U a , to the level that is about 80-100 dB below the baseline level. Figure 14 shows the effects of the alterations on the normalized differential BM velocity, Δv BM (x)/v b , as well as on the decomposed cochlear fluid pressure components, p a (x) and p s (x). Only the results corresponding to an input frequency of 1 kHz are shown. The results indicate that the alterations have considerable effects on the cochlear responses. Generally speaking, the alterations can be seen to result in decreases in the magnitudes of Δv BM (x)/v b and p a (x). These magnitude reductions are largely consistent with the reduction in the anti-symmetric volume velocity, U a , observed in Figure 13 for the corresponding frequency of 1 kHz. However, an exception to this general trend can be observed for the z directional case for p a (x) in Figure 14 (B), where the magnitude reductions are limited to a maximum of around 25 dB, and converge to a flat line upon stiffening the annular ligament. It is interesting to note that this is not completely reflected in the BM velocity reduction, Δv BM (x)/v b , which reaches around 50 dB of reduction overall relative to the baseline case. The effects of these alterations on the symmetric pressure component, p s (x), as seen in Figure 14 (C), do not appear to follow the common trends observed between the other two variables, Δv BM (x)/v b and p a (x). Figure 8 shows that the BM velocity responses normalized by the BC base vibration input vary significantly depending on the direction of the BC excitation. By contrast, when normalized by the OW volume velocity, U OW , as shown in Figure 9 , the differences in the magnitude of the BM velocity response for different excitation directions diminish significantly. This implies that the BM velocity, Δv BM (x), is driven by U OW not only for AC but also for BC excitations. Figure 10 shows that the two window volume velocities, U OW and U RW , can be expressed in terms of anti-symmetric and symmetric components, U a and U s , respectively. When Δv BM (x) is normalized by U a , as shown in Figure 11 (A), the remaining small magnitude differences at 5 kHz seen in Figure 9 (A) disappear up to the 17 mm BM location from the base. In contrast, normalizing by U s , as shown in Figure 11 (B), only results in further separation among the cases. These observations suggest that the BM velocity is correlated with U a rather than U OW and U s . In other words, the BM vibration is largely driven by U a , introduced at the two windows, regardless of the method of excitation.
DISCUSSION
Simulated BC-induced BM vibration responses
An examination of the cochlear fluid responses in Figure 12 provides further insight into the correlation between Δv BM (x) and U a . In Figure 12 (B) and (E), the anti-symmetric pressure component, p a (x), falls off from the base to the apex, and its rate of decrease gets larger past the location of the BF (x=21 and 12 mm for 1 and 5 kHz, respectively), whereas the symmetric pressure component, p s (x), either remains flat or increases in magnitude along the BM from base to apex. Figure 12 (C) and (F) then show the magnitudes of p a (x) and p s (x) normalized with respect to U a . Here, the p a (x)/U a magnitudes for the different drive cases become aligned with one another for the most part, except for the BM locations that lie beyond the BF locations for the z directional BC excitation case. Together with the correlation between Δv BM (x) and U a as shown earlier (Fig. 11(A) ), we conclude that the BM vibration is primarily driven by the antisymmetric pressure component, which is introduced by the anti-symmetric volume-velocity component at the windows, regardless of the type of excitation method used (AC or BC in any of the different directions). The idea that the BM vibration is driven by the anti-symmetric pressure component in the cochlear fluid (Peterson and Bogert 1950; Olson 1998) is not new. However, the present study explores this concept in detail, and it should be noted that the present study applies the decomposition technique not only to the cochlear pressure, but also to the window volume velocities.
Mechanisms of BC hearing
BC hearing in human ears occurs through a combination of different mechanisms. Stenfelt and Goode (2005) list the following five BC mechanisms: (1) the external ear mechanism, (2) the middle ear inertial mechanism, (3) the fluid inertial mechanism, (4) the inner ear compression mechanism, and (5) pressure transmission from the cerebrospinal fluid. The external ear mechanism is where sound is generated through BC-induced vibration of the external ear canal, which then excites the eardrum. This mechanism is excluded from the present study since the external ear is not included in the model. The inner ear compression mechanism was studied by Tonndorf (1962) and Böhnke and Arnold (2006) . However, the simulated BC excitations to the middle ear and cochlea in this study were in the form of rigid body translations of the bone surrounding the cochlea and the boundaries of the middle ear. Thus, the flexural response of the temporal bone which would drive the inner ear compressional BC mechanism was neglected. The rigid body BC vibration assumption is likely reasonable up to the 4-5 kHz frequency range.
Hudde (2005) observed, based on FE simulations of the temporal bone in a skull model, that the compressional vibration component of the bone surrounding the middle ear and cochlea is lower than the rigid body vibration component by typically 25 dB up to a frequency of around 5 kHz. Stenfelt and Goode (2005) suggest that the compressional BC component may not be a major factor in BC hearing for the low and mid frequencies and that it may only become important for frequencies higher than 4 kHz. Furthermore, the rather reasonable agreements observed between the current FE-simulated BC response of the BM vibration and the temporal bone data also appear to indirectly support this rigid body bone vibration assumption. The fifth mechanism is that the BCinduced sound pressure in the cerebrospiral fluid in the cranial space is transmitted through a narrow fluid channel to the cochlea, which is thought to be through the cochlea aqueduct (Stenfelt and Goode 2005) . This mechanism is not well-characterized to date and an anatomical examination suggests that the channel is occasionally clogged with tissues in normal ears (Gopen et al. 1997) . It is thus excluded from the present study. The BC mechanisms simulated in the present model are then the second and the third items in the list, which are the middle ear inertial and the fluid inertial components, respectively. The simulation results showing the effects of various middle ear and window alterations provide insight into these two BC mechanisms. Figure 13 shows that each cumulative alteration introduces significant changes in U a , which, as has been discussed, apparently drives Δv BM (x). This can be seen from Figure 14 , which shows the changes in p a (x) and Δv BM (x) due to the middle ear and window alterations at 1 kHz. By comparing Figure 14 (A) and (B), one can see that the shifts in magnitude of Δv BM (x), due to the alterations, largely correspond to those exhibited by p a (x) rather than to those exhibited by p s (x). Also, the extents of the shifts in magnitude for p a (x) and Δv BM (x) correspond well with those observed in U a at 1 kHz in Figure 13 . This is again consistent with the earlier observation of the proportional relationships between the three quantities p a (x), U a , and Δv BM (x).
With the simulation of cutting the IS joint, most of the middle ear structures are removed from the system, leaving only the stapes intact at the OW. As a result, U a tends to be attenuated in the 1-2 kHz range, relative to the normal case by up to 20 dB for the x, 45 dB for the y, and 10 dB for the z directional BC excitations, as shown in Figure 13 . The degree of attenuation varies significantly for frequencies above and below the 1-2 kHz range, depending on the direction of BC excitation. This is reasonable since there is a structural resonance associated with the middle ear in response to BC excitations around this frequency range, which is explored in Homma et al. (2009 Homma et al. ( , 2010 . Following the cutting of the IS joint, the annular ligament of the stapes is then immobilized, which is a simulation of otosclerosis of the stapes footplate. In this case, the stapes is effectively made immobile, and therefore U OW becomes essentially zero. This causes further reductions in U a , by up to 30 dB for the x, 110 dB for the y, and 40 dB for the z directional BC excitations, as shown in Figure 13 . Going a step further, when U RW is also eliminated by rigidifying the RW, U a then becomes further reducedto a level as much as 100 dB below the baseline case.
This extreme reduction of U a after immobilizing the two windows is to be expected in this model due to the observations so far that U a is closely correlated with p a , as shown in Figure 12 (C) and (F).
Audiological evidence suggests that the disruption of middle ear and window mobility, due to middle ear cavity fluid build-up (otitis media) as well as OW and/or RW sclerosis, results in reductions of BC hearing sensitivity. Arguably, the most well-known data are those from Carhart (1971), which reported mean BC hearing reductions of 5, 10, 15, and 10 dB at frequencies of 0.5, 1, 2, 4 kHz, respectively, due to sclerosis of the stapes footplate. It is suspected that the apparent discrepancy between the amount of reduction in BC hearing sensitivity suggested by the present model and the audiological evidence may be attributable to the presence of additional compliant boundaries within the cochlea other than the RW and OW included in the present formulation (Gopen et al. 1997; Sohmer and Freeman 2004; Shimizu et al. 2009; Kim et al. 2009 ).
The fluid inertial BC mechanism
The concept of the fluid inertial BC mechanism is intuitively straightforward: the cochlear fluid vibrates in response to the translational vibratory movement of the surrounding bone. The fluid moves as a nearly incompressible bulk fluid since the wavelength of the fluid acoustic wave is much larger than the size of the cochlea. The bulk fluid displacement then produces vibration of the BM. Such fluid displacement would be made possible by the presence of the compliant boundary locations where the fluid could be displaced in and out, namely the OW and RW. The FE simulation results in this study provide insights into the fundamental characteristics of the fluid inertial BC mechanism, and results show that the mechanics of the fluid inertial BC component are actually more complex than the intuitive and conceptual understanding just described.
The present results indicate that the BM responses of the fluid inertial component, regardless of the direction of the BC input vibration, are almost indistinguishable from those produced by regular AC excitation. This appears puzzling at first, particularly given the significant differences in the fluid pressure responses depending on the excitation method, as shown in Figure 10 . However, this is largely consistent with the findings from past studies that the pattern of BM vibration does not change between AC and BC excitations, although it should be noted that past researchers have considered the BC excitation to be due to more of a compressional rather than a fluid inertial mechanism. Zwislocki (1953) mathematically analyzed the pattern of BM vibration, and suggested that it did not change between AC and BC excitations. Békésy (1955) and Tonndorf (1962) also demonstrated with physical models of the cochlea that the vibrational pattern on the BM did not change significantly regardless of the location of the vibrational input to the cochlea. Békésy referred to this as "paradoxical motion". However, the provided explanations of the phenomenon in these early studies were rather more qualitative and thus were not sufficiently convincing. The decomposition analysis in the present study reveals that the BM vibration is correlated only with p a (x), which is generated by U a . This relationship among the above three variables (p a (x), U a , and Δv BM (x)) does not change with the type of excitation given to the system. Therefore, even though the total fluid pressure response may vary depending on the excitation method, the relationship between the BM vibration and the anti-symmetric volume velocity stays essentially the same since the BM only responds to the antisymmetric pressure component and not to the symmetric pressure component.
The anti-symmetric fluid pressure component
The z directional results for Δv BM /U a in Figure 11 and p a (x)/U a in Figure 12 may seem to be inconsistent with the relationships among p a , U a , and Δv BM , which are largely independent of the BC excitation direction. In Figure 12 (C), the z directional result of p a (x)/U a diverges from the rest and stays as a constant magnitude beyond the BF location (x=21 mm for 1 kHz). By contrast, the corresponding Δv BM /U a magnitude in Figure 11 does not follow this characteristic and instead keeps rolling off for x921 mm, and likewise for the other excitation cases. In Figure 12 (F), similar characteristics can also be observed for 5 kHz. Δv BM /U a for the z directional vibration keeps rolling off beyond x= 13 mm, while the corresponding p a (x)/U a magnitude becomes flat beyond this BM location. An explanation for this inconsistency can be derived from Figure 14 , showing the effects of middle ear and window alterations on the BM velocity and fluid-pressure components. In Figure 14 (A) and (B), the gradual reductions of U a due to the sequential alterations result in proportional reductions in p a and Δv BM for most cases, except for the z directional BC excitation case (see Fig. 14(B) ). For this z directional BC excitation case, p a appears to converge to a flat magnitude after the second and third alterations. This results in only up to about 20 dB of magnitude reduction, despite the fact that the corresponding reduction in v BM is much larger. This indicates that, for the case of z directional BC excitation, there is an extraneous fluid pressure component in addition to the component that actually drives the BM vibration. This extraneous anti-symmetric pressure component is normally smaller than the BM-driving anti-symmetric component, except at BM locations that lie beyond the vicinity of the BF location. But when the antisymmetric window volume velocity is diminished by the OW and then RW fixations, the BM-driving component of the anti-symmetric pressure becomes smaller and thus "buried" under the level of this extraneous anti-symmetric component. The extraneous anti-symmetric pressure component is prominent for the z directional BC vibration since the internal geometry of the present cochlear model is asymmetric with respect to this axis. On the other hand, the cochlear geometry in the model is essentially symmetric with respect to the other two directions of BC vibration, so the extraneous pressure components in these directions are symmetric, and thus do not affect the BM vibration.
CONCLUSION
A FE simulation model of the human auditory periphery, consisting of both the middle ear and the cochlea, was developed and analyzed to gain insight into the mechanics of BC hearing. The model allowed a detailed investigation of the middle ear and also of the cochlear fluid inertial BC mechanisms, with the latter being the possible primary mechanism of BC. The model shows a reasonable degree of agreement with experimental BC-induced BM vibrational data from the literature, as well as with AC-induced response data, such as the best-frequency-to-place map, pressure transfer function, and cochlear input impedance. Detailed analysis of this model indicates that BM vibrational characteristics, when normalized by the anti-symmetric (i.e., differential) components of the window volume velocities, are essentially invariant for AC or BC excitations, regardless of the direction of the BC excitation. This was at first surprising given that the fluid pressure responses vary significantly depending on the method of excitation. The present analysis provides further clarification for the cause of this apparent invariance of BM vibrational characteristics, which has also been observed previously by other researchers, by revealing that the BM vibration is driven only by the component of the fluid pressure that is anti-symmetric (i.e., the differential slow wave) with respect to the BM, and that this is in turn generated by the anti-symmetric window volume velocity. As a consequence of this, the BM only responds to the excitations generated at the two windows, regardless of whether these are produced via AC or BC excitation. These findings are consistent with Békésy's idea of "paradoxical motion" of the BM for BC, and thereby provide further clarifications to the underlying mechanisms of BC.
